Regulation of human platelets by 12-lipoxygenase products
Solution A was 99.9% methane and 0.1% acetic acid; solution B was 99.9% H 2 O and 0.1% acetic acid. An isocratic gradient of 75% A and 25% B was used to purify products. Products were stored at Ϫ 80°C for a maximum of 6 months. The purity and identity of the products were confi rmed by using a Thermo-Electron LTQ LC-MS/MS.
Overexpression and purifi cation of 12-LOX
Human platelet-type 12-LOX was expressed as an N-terminally, His 6 -tagged protein and purifi ed to greater than 90% purity, as evaluated by SDS-PAGE analysis ( 33, 34 ) . Concentration of 12-LOX was determined by using the method of Bradford with a BSA standard, in which 1 mg/ml solutions were equivalent. Iron content of 12-LOX was determined with a Finnigan inductively coupled plasma mass spectrometer (ICP-MS), using cobalt-EDTA as an internal standard. Iron concentrations were compared with standardized iron solutions and used to normalize enzyme concentrations. Protein expression yields and iron content of 12-LOX were similar to previously published results ( 31, 32 ) .
12-LOX product identifi cation and distribution
Product identifi cation was achieved by using a ThermoElectron LTQ LC-MS/MS. Product separation was achieved by using a C18 HAIsil 250 × 4.6 mm analytical column from Higgins Analytical. Solution A was 99.9% acetonitrile and 0.1% acetic acid; solution B was 99.9% H 2 O and 0.1% acetic acid. An isocratic gradient of 55% A and 45% B was used to purify products. The identifi cation of 12-LOX products was achieved by comparing MS/MS fragments with known standards at www.lipidmaps.org. In cases where MS/MS fragmentation standards were not available, products were identifi ed by comparing fragment masses with predicted fragment masses mediated by the hydroxy group near an unsaturated carbon ( 35 ) . The mechanism is described as charge remote allylic fragmentation (supplementary Fig. I ) and gives rise to a negatively charged carboxylic fragment that can identify the regio-specifi city of the product. Product distribution of the products was analyzed by comparing the total ion count of single oxygenated product versus double and triple oxygenated products by parent mass and fragment mass.
Steady-state kinetic measurements
LOX rates were determined by following the formation of the conjugated diene product at 234 nm with either a Perkin-Elmer Lambda 40 or a Shimadzu (UV-2401PC) UV-Vis spectrophotometer. Molar extinction coeffi cients for 12-LOX products of each substrate at 234 nm were measured in the enzymatic buffer and are as follows: 13(S)-HPOTrE (ALA product), = 22,500 M coeffi cients were calculated by fi rst weighing the substrate on an analytical balance, then dissolving the substrate with a measured mass of HPLC grade methanol to achieve a stock substrate/methanol solution. Small aliquots of this solution were then diluted into a quartz cuvette containing a Tefl on stir bar and 2 ml of 25 mM HEPES buffer (pH 7.5) at room temperature (22°C). Diluted samples were mixed thoroughly for 20 min, and baseline stability was monitored at 234 nm before proceeding. The substrate buffer solution was reacted with small amounts of purifi ed 12-LOX, and the fi nal absorbance at 234 nm was determined. A small aliquot of soybean LOX-1 was added at the end of the reaction to ensure all substrate was converted to product. At minimum, three independently weighed substrate measurements and UV-Vis assays were performed and averaged to achieve the extinction coeffi cients listed above. The extinction coeffi cient of phospholipase A 2 (cPLA 2 ) ( 25 ) . The composition of the phospholipids in the platelet membrane is dynamic in nature, and because many of the fatty acids that make up the phospholipid bilayer are not produced in the body, their content is primarily regulated by dietary intake (26) (27) (28) (29) . Although AA makes up a large proportion of the phospholipid content, other fatty acids are also available from the platelet membrane, and their content, relative to AA, has been shown to fl uctuate depending on diet ( 27, 29, 30 ) . Whereas the catalysis of 12-LOX with AA has been studied previously ( 19, 21, 31, 32 ) , little is known about the relative 12-LOX kinetic rates of the other fatty acid substrates and their physiological effects on platelet activation. LOX are known to have promiscuous substrate selectivity and can react with a variety of fatty acids, ranging from 18 to 22 carbons long and having 2 to 6 sites of unsaturation. Based on this knowledge, the current study investigated the substrate specifi city and reactivity of 12-LOX with six fatty acids. In addition, the substrates and their 12-LOX products were screened for the potential to regulate platelet reactivity and thrombosis. Interestingly, we were able to determine that some, but not all, of the fatty acids and their bioactive metabolites directly regulate the level of agonistmediated platelet activation, albeit in a different manner than the AA product 12(S)-HETE.
MATERIALS AND METHODS

Materials
All commercial fatty acids were purchased from Nu-Check prep with purities of 99.0% or greater. HPLC grade solvents were used for both semipreparative HPLC purifi cation and analytical HPLC analysis of 12-LOX products. Large-scale product purifi cation was achieved by using a C18 HAIsil 250 × 10 mm semipreparative column, whereas the C18 HAIsil 250 × 4.6 mm analytical column was used for product separation in tandem with MS/MS analysis. Both columns were purchased from Higgins Analytical (Mountain View, CA). All other chemicals were reagent grade or better and were used without further purifi cation. PAR1-AP (SFLLRN) was purchased from GL Biochem (Shanghai, China). Aggregometers, chronolume reagent, collagen, and other aggregation supplies were purchased from Chrono-Log Corp. (Havertown, PA). Anti-Rap1 primary antibody was purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Thrombin was purchased from Enyzme Research Labs (South Bend, IN). Anti-Rabbit 800 nM secondary antibody was purchased from Rockland Antibodies and Assays (Gilbertsville, PA). ADP and acetylsalicylic acid (aspirin) was purchased from Sigma-Aldrich (St. Louis, MO). PAC1 and CD62P were purchased from BD Biosciences (San Jose, CA). Convulxin was purchased from Centerchem (Stamford, CT).
Large-scale generation of 12-LOX products
LOX products were generated by reacting an individual substrate with 12-LOX in 1,000 ml of 25 mM HEPES (pH 8.0) with 25-50 M substrate and run to completion. Reactions were quenched with 5 ml acetic acid, extracted three times with 30% volume of dichloromethane, evaporated to dryness, and reconstituted in methane for HPLC purifi cation. The reduced products were generated by selectively reducing the hydroperoxide product to the alcohol with trimethylphosphite. Products were purifi ed by HPLC using a C18 HAIsil 250 × 10 mm semiprep column. 
Platelet aggregation
Washed platelets (250 l) were pretreated with or without varying concentrations (0-40 M) of fatty acid metabolites for 7 min, followed by stimulation with 20 M protease-activated receptor-activating peptide (PAR1-AP), 20 M ADP, or 100 ng/ml convulxin. The aggregation response was measured in real time using a lumi-aggregometer with stirring at 1,100 rpm at 37°C.
Human platelet dense granule secretion
ATP release was used as a measure of dense granule secretion in washed platelets. For ATP studies, 240 µl aliquots of washed platelets were pretreated with or without varying concentrations of fatty acid metabolites for 7 min. After addition of 10 µl of chronolume reagent, ATP release in response to 20 M PAR1-AP was measured in real time using a lumi-aggregometer at 37°C with stirring at 1,100 rpm.
Measurement of Rap1 activity
Rap1 activity was measured using GST-RalGDS-Rap1-binding domain that specifi cally interacts with activated Rap1 as described elsewhere ( 39, 40 ) . Activated Rap1 was detected by immunoblotting with the anti-Rap1 antibody. In parallel experiments using whole-platelet lysate, Rap1 expression was analyzed to confi rm equal protein loading.
Flow cytometric measurements of ␣ IIb ␤ 3 and P-selectin ␣ IIb ␤ 3 activity and surface expression of P-selectin were measured by fl ow cytometry with the FITC-PAC1, an antibody that only recognizes the active conformation of ␣ IIb ␤ 3, and PE-conjugated CD62P, which recognizes P-selectin on the surface of the cell. Aliquots (40 l) of washed platelets adjusted to a fi nal concentration of 2.5 × 10 7 platelets/ml were pretreated with metabolites for 15 min followed by addition of 2 l PAC1 and 2 l CD62P. Platelets were stimulated with agonist for 10 min and diluted to a fi nal volume of 500 l using tyrodes buffer. The fl uorescence intensity of platelets was immediately measured using an Accuri fl ow cytometer.
Clot retraction assay
Clot retraction experiments were performed as previously described ( 41 ) . Briefl y, platelet-rich plasma (PRP) was adjusted to a platelet count of 3 × 10 8 platelets/ml in glass tubing. Following treatment with fatty acids or metabolites, clot formation and retraction was initiated with 10 nM thrombin. Pictures were taken of the clots at 10 min intervals, and the size of the clot was quantifi ed using Image-J software. Statistical signifi cance was determined by Student t -test.
Statistical analysis
Comparison between experimental groups was made using paired t -test or two-way ANOVA with posttest analysis with Prism software. Differences in mean values ± SEM were considered signifi cant at P < 0.05. All experiments were repeated at least three times using different subjects.
RESULTS
12-LOX product identifi cation and distribution
Of the six fatty acids tested as substrates for 12-LOX catalysis, two fatty acids, linoleic acid (LA) and eicosapentaenoic acid (EDA), were found not to be suitable as substrates for 12-LOX. This was possibly due to improper positioning 12(S)-HPETE determined by this method was within error of the published values by Graff et al., after correcting for differences in solvent conditions ( 36 ) . Kinetic assays were carried out in 25 mM HEPES buffer (pH 7.5) with substrate concentrations ranging from 1 M to 20 M, and they were initiated by the addition of enzyme (approximately 20 nM 12-LOX). The 12-LOX displays variable behavior at low substrate concentrations (<1 µM), resulting in large errors in the K M values. To circumvent this inherent problem, we determined that adding the 12-LOX fi rst, and then quickly initiating the reaction with the addition of the appropriate amount of substrate yielded signifi cantly more reproducible results. Substrate concentrations were quantitatively determined by allowing the enzymatic reaction to go to completion with soybean LOX-1. Kinetic data were obtained by recording initial enzymatic rates at each substrate concentration and then fi tting them to the Michaelis-Menten equation using the KaleidaGraph (Synergy) program to determine k cat and k cat /K M values. Note that the steady-state kinetics with AA were slightly higher than our previously published data ( 32 ), which we ascribe to differences in the extinction coeffi cients used and a more active 12-LOX preparation.
Determination of LOX product stereochemistry
Determining the stereochemistry of the secondary alcohol LOX products was achieved by mosher ester analysis ( 37 ) . HPLCpurifi ed LOX product (evaporated in a glass vial) was reacted with 39 equivalents of anhydrous pyridine, 100 l of anhydrous deuterated chloroform, and 16 equivalents of either (
The reaction was completed after 1 h and esterfi cation was checked by thin layer chromatography. Samples were diluted with deuterated chloroform to a fi nal volume of 700 l, transferred to a 5 mm NMR tube, and then both 1D proton and 2D COSY spectra were taken (Varian 600 MHz NMR). The nonmodifi ed LOX product was also analyzed in a similar manner for comparison, and the proton assignments determined. The differences in proton chemical shifts between R and S mosher esterfi ed products were tabulated (supplementary Figs. II-XXII and Tables II-XXII) . Subtracting the chemical shifts between S and R spectra yields a positive or negative value, which indicates the priority of each side of the alcohol in regards to the Chan Ingold Prelog convention and thus allows the determination of the absolute confi guration of the secondary alcohol. A LOX product with known stereochemistry, 13-(S)-HODE from soybean LOX-1 catalysis, was fi rst analyzed by mosher ester analysis before proceeding with the analysis of 12(S)-HETrE and 13(S)-HOTrE. The stereochemistry of the vinyl groups was also assigned based on the proton coupling constants, with the Z-vinyl protons having J-values of approximately 10 Hz and those of the E-vinyl protons having approximately 16 Hz. These coupling values, along with the proton signal positions, were consistent with the values found for our standard LOX product, 13(S)-HODE.
Human platelets
Human platelets were obtained from healthy volunteers from within the Thomas Jefferson University community and the Philadelphia area. These studies were approved by the Thomas Jefferson University Institutional Review Board, and informed consent was obtained from all donors before blood draw. Washed platelets were prepared as previously described ( 21, 38 ) . The fi nal platelet concentration of washed platelets in Tyrodes buffer was adjusted to a physiological concentration of 3 × 10 8 platelets/ml. Reported results are the data obtained using platelets from at least three different subjects. suggesting that length is a key factor in the rate of substrate capture and product release. These data could be due to the fact that ALA appears not to have an activated methylene positioned for hydrogen atom abstraction (vida supra, Fig. 1 ), and thus ALA may have a less than optimal binding conformation.
Determination of LOX product stereochemistry
LOX typically generate one stereospecifi c product due to the antrafacial oxygen insertion ( 43 ) . It has been previously reported that 12-LOX generates an S-confi gured product [12(S)-HPETE] when AA is used as a substrate ( 34 ) . DGLA is similar to AA with respect to length, and one would predict that the oxygenated DGLA product [12(S)-HPETrE] would have the same stereochemistry as the oxygenated AA product [12(S)-HPETE], due to the stereospecifi c nature of the active site. Mosher ester analysis of the reduced 12(S)-HETrE product indicates that this is indeed the case and it does have an S-confi guration, secondary alcohol. For 13(S)-HPOTrE, the 12-LOX product of ALA, the stereochemistry was determined in the same manner and also found to be an S-confi guration. The stereochemistry of the vinyl groups were assigned based on the proton signal positions and their coupling constants, compared with our standard, 13(S)-HODE. The 12(S)-HETrE confi guration was determined to be 12-(S)-hydroxy-8Z,10E,14Z-eicosatrienoic acid and the 13(S)-HOTrE confi guration was 13-(S)-hydroxy-9Z,11E,15Z-octadecatrienoic acid ( Fig. 1B ) .
of the activated methylene, whose position near the active site iron is critical for hydrogen atom abstraction. As shown in Fig. 1 , the substrates are positioned with the methyl-end of the substrate entering the cavity fi rst, as previously determined ( 42 ) . In this confi guration, the activated methylene moieties for EDA and LA are not positioned properly due to length for the iron-hydroxide moiety to abstract a hydrogen atom. However, note that other factors, such as conjugation, could also play an important part in substrate activity. The four other fatty acids that were screened [AA, dihomo-␥ -linolenic acid (DGLA), eicosapentaenoic acid (EPA), and ␣ -linolenic acid (ALA)] all produced over 90% of a single oxygenated product, whose retention time, parent peak mass, and main fragmentation peaks are listed in Tables 1 and 2 . Interestingly, ALA produces predominately one product, 13(S)-HPOTrE, but it is unclear how it is positioned for hydrogen atom abstraction (vide infra). The methyl-end fi rst binding of ALA positions it in a similar manner to that of LA and EDA; however, those fatty acids are not substrates.
Kinetics of 12-LOX
The kinetics of 12-LOX with the four active substrates were measured ( Human platelet dense granule secretion is sensitive to fatty acid metabolites Thrombin activation of human platelets involves a number of biochemical steps. One of the biochemical steps important for the stability of clot formation is secretion of the dense granule, which contains small molecules that are essential for autocrine and paracrine reinforcement of the platelet clot (including ATP, ADP, and 5-HT). PAR1-AP-mediated ATP secretion was measured as a surrogate for dense granule secretion ( Fig. 3 ) . Only the presence of increasing concentrations of 12(S)-HETrE resulted in complete inhibition of dense granule secretion clearly showing 12(S)-HETrE signals in a specifi c, dose-dependent manner, unlike the other metabolites tested.
DGLA inhibits PAR-mediated platelet activation
It is possible that although the bioactive metabolite 12(S)-HETrE inhibits platelet aggregation, the DGLA substrate responsible for its formation is not oxidized by 12-LOX in the platelet and therefore has no effect on platelet function. To confi rm that the observed inhibition of platelet activation in the presence of 12(S)-HETrE is due to 12-LOX oxidation of DGLA, 10 M DGLA was added to washed platelets, followed by addition of 20 M PAR1-AP ( Fig. 4A ). When the platelets were incubated with DGLA for 10 min followed by addition of PAR1-AP, maximal platelet aggregation was attenuated and quickly reversed within 1 min following addition of PAR1-AP. This observation is similar to an earlier study, which showed that addition of DGLA to the human platelet resulted in a partial inhibition of collagen-mediated platelet aggregation ( 47 ) . Likewise, DGLA completely inhibited PAR1-AP-mediated dense granule secretion, similar to what was observed when treating platelets with 12(S)-HETrE, the reduced 12-LOX oxidation product of DGLA ( Figs. 2 and 3 ) . Finally, to confi rm that DGLA regulates platelet aggregation in part through 12-LOX, washed platelets were stimulated with PAR1-AP following treatment with DGLA or DGLA in combination with baicalein (12-LOX inhibitor) or aspirin. The absence of either 12-LOX or COX-1 activity resulted in a partial rescue of platelet aggregation ( Fig. 4A ) .
12-LOX metabolite inhibition of ADP-and GPVI-induced platelet activation
To identify whether 12-LOX eicosanoids produced from DGLA regulate platelet activation through multiple agonist pathways, platelets were treated with either 12(S)-HETrE or its peroxidated precursor 12(S)-HPETrE, followed by stimulation with PAR1-AP, collagen, or ADP ( Fig. 4B-D ) . Similar to the observed sensitivity to 12(S)-HETrE in
Human platelet aggregation dependence of fatty acid metabolites
Fatty acid metabolites play an important role in regulation of platelet activation and normal hemostasis. Although AA is widely studied in platelets, 12-LOX may oxidize a number of other fatty acids on the platelet membrane following stimulation ( 22, 44 ) . Because thrombin is the most potent activator of platelet function, we investigated the ability of these metabolites to modulate platelet activation following stimulation of the thrombin receptor proteaseactivated receptor-1 (PAR1). The hydroperoxide metabolites of 12-LOX catalysis are reduced to hydroxymetabolites in the presence of peroxidases; therefore, the hydroxymetabolites were evaluated for their potential regulation of human platelet function. Platelets were treated with increasing concentrations of each fatty acid metabolite followed by stimulation with 20 M PAR1-activating peptide (PAR1-AP), and subsequent platelet aggregation was measured. PAR1-AP alone resulted in more than 80% aggregation in less than 1 min, which was stable for the duration of the experiment ( Fig. 2 ) . Platelet aggregation was sensitive to treatment with 12(S)-HETrE, showing inhibition in the presence of 40 M 12(S)-HETrE ( Fig. 2A ) , a clinically relevant concentration following fatty acid supplementation ( 45, 46 ) . Not all metabolites were shown to attenuate platelet aggregation, as 12(S)-HEPE and 13(S)-HOTrE had no observable effect on PAR1-AP-mediated aggregation. Even at higher concentrations, only 12(S)-HETrE was shown to attenuate PAR1-AP-induced platelet aggregation ( Fig. 2B ) . In comparison, exposure to increasing concentrations of 12(S)-HETE, the predominant product of AA and 12-LOX in human platelets, did not result in attenuation of PAR1-AP-mediated platelet aggregation at any concentration tested. This is consistent with the observation that 12(S)-HETE is prothrombotic in human platelets ( 23 ). The primary products for 12-LOX are singly oxygenated species. The percentage distribution was determined by tabulating total ion count of the singly oxygenated species in comparison with double-or triple-oxygenated species. Note noted that the S-confi guration of 12(S)-HPEPE was not directly determined but assumed, since the confi guration of 12(S)-HPETrE and 13(S)-HPOTrE was determined directly. The retention times are for the method described in the text, with subsequent MS/MS analysis. The mass of the primary identifying fragment is listed. statistical signifi cant compared with PAR1-AP alone. Treatment with the other fatty acids did not appear to significantly alter the level of PAR1-AP-induced Rap1 activation ( Fig. 5B ).
DGLA and EPA prevent clot retraction
As Rap1 is an upstream regulator of integrin activation in platelets, we sought to determine whether the fatty acids regulate integrin-dependent platelet-mediated clot retraction. To determine whether any of the fatty acids play a role in clot retraction, which involves the consolidation of integrin-dependent retraction of platelets within the clot ( 48 ), PRP was treated with each fatty acid ( Fig. 6 ). Thrombin (10 nM) was added to the PRP for each condition in the presence or absence of 25 M fatty acid ( Fig. 6A ) , and a picture of the clot was taken at several time points following stimulation. The size of the clot was quantifi ed using Image J. The PRP clotted with thrombin in the absence of fatty acid within 60 min. Following treatment with DGLA or EPA, clot retraction was signifi cantly delayed and attenuated. However, pretreatment with AA, LA, or EDA had no effect. To identify whether DGLA inhibition of clot retraction was due to COX-1 or 12-LOX activity, platelets were treated with aspirin, 12(S)-HPETrE, aspirin + 12(S)-HPETrE, or aspirin + DGLA, followed by stimulation with thrombin ( Fig. 6B ) . Inhibition of COX-1 with aspirin did not signifi cantly inhibit thrombin-induced clot retraction. Additionally, aspirin did not rescue clot retraction in the presence of DGLA. However, treatment with a high concentration of 12(S)-HPETrE (200 M) in the presence or absence of aspirin signifi cantly inhibited thrombin-induced clot retraction, suggesting that 12-LOX oxidation of DGLA plays at least a partial role in DGLA inhibition of platelet clot retraction.
DISCUSSION
Although fatty acid regulation of hemostatic function, including platelets, has been studied by various research groups ( 28 ), a consensus is lacking on the importance of fatty acid intake to the role of platelets in regulating hemostasis. This is in part due to the small number of studies, small number of subjects in each study, and the differences in study design among research groups. However, human subject studies support an important role in the type of fatty acid supplemented in the diet to overall regulation of platelet function and hemostasis ( 27, 49 ) . GLA supplementation has been shown to increase DGLA content in the serum by 3-fold, as GLA is quickly converted to ( Fig. 4B ) . To determine whether these eicosanoids affected activation of the integrin ␣ IIb ␤ 3, an essential integrin in the activation of platelets, platelets treated with either eicosanoid were stimulated with ADP, PAR1-AP, or convulxin (direct activator of the collagen receptor GPVI). ␣ IIb ␤ 3 activation was attenuated in the presence of either 12(S)-HETrE or 12(S)-HPETrE ( Fig. 4C ) . Finally, to identify whether ␣ granule secretion is affected by the presence of 12(S)-HETrE or 12(S)-HPETrE, P-selectin (a marker of ␣ granule secretion) surface expression was measured following treatment with either eicosanoid ( Fig. 4D ) . Treatment with either eicosanoid attenuated ␣ granule secretion following stimulation with ADP, PAR1-AP, or convulxin. Although both metabolites attenuate platelet function, 12(S)-HPETrE was found to have a lower IC 50 compared with 12(S)-HETrE for inhibition of platelet aggregation (5 M versus 40 M, respectively). Considering the only difference between 12(S)-HPETrE and 12(S)-HETrE is their oxidation state, it is possible either that the structural difference between the hydroperoxide and the alcohol affect receptor binding or that the increased reactivity of the hydroperoxide could generate a different species (i.e., oxidation to the ketone). These two explanations are currently being investigated.
Bioactive metabolite regulation of Rap1 activity
Platelet activation is regulated in large part by the small GTPase Rap1 ( 39 ) . To identify whether 12-LOX metabolites from the various fatty acids regulate the level of Rap1 activation, washed platelets were treated with or without 40 M of each metabolite [12(S)-HETE, 12(S)-HETrE, 12(S)-HEPE, or 13(S)-HOTrE] or 10 M fatty acid (AA, DGLA, EPA, LA, or EDA) followed by stimulation with PAR1-AP for 5 min ( Fig. 5 ) . The level of Rap1 activation was measured as a fold change relative to the unstimulated condition. Whereas PAR1-AP induced a large increase in the level of active Rap1, treatment with 12(S)-HETrE prior to PAR1-AP stimulation fully inhibited Rap1 activation ( Fig. 5A ) . No signifi cant difference in the level of Rap1 activity was observed with the other metabolites tested (N = 3). Similarly, when platelets were treated with fatty acids prior to stimulation with PAR1-AP, DGLA completely inhibited Rap1 activation. Although treatment with EPA reduced Rap1 activation levels, the reduction was not 12-LOX oxidation of DGLA, was shown here to play an important role in DGLA-mediated inhibition of platelet function by signifi cantly attenuating a number of biochemical endpoints. Hence, inhibitory activity of DGLA is most likely mediated through a number of eicosanoids produced from both the 12-LOX and COX-1 oxidation of DGLA in the platelet. Formation of these metabolites results in attenuation of agonist-induced platelet activation.
Polyunsaturated fatty acid content in the platelet membranes varies, depending on diet. The most abundant phospholipid in the platelet is phosphatidylcholine, containing a number of polyunsaturated fatty acids (PUFA), including AA (13.5%), LA (7.9%), DGLA (2.1%), EDA (0.6%), docosahexaenoic acid (DHA) (0.6%), EPA (0.2%), ALA (0.1%), and ␥ -linolenic acid (GLA) (0.07%) ( 26 ) . Our laboratories investigated the kinetic and biological effects of these fatty acids as potential 12-LOX DGLA enzymatically ( 27 ) . Although a signifi cant increase in the amount of DGLA was shown to be incorporated into the neutrophil membrane, no observable change in AA was measured, suggesting DGLA incorporation does not displace AA on the membrane ( 27 ) .
DGLA was initially identifi ed as a fatty acid that produced potentially inhibitory metabolites, such as PGE 1 through COX-1 and 12(S)-HETrE through 12-LOX ( 50, 51 ) . Although PGE 1 is known to be a potent anti-platelet eicosanoid, its role in platelet function deriving from DGLA as a substrate is controversial with research groups having determined that although PGE 1 and thromboxane B 1 are produced by DGLA through COX-1, their levels are much smaller than that of the inactive metabolite 12-hydroxyheptadecadienoic acid and may not play a signifi cant role in DGLA-induced inhibition of platelet activity ( 47, 52 ) . 12(S)-HETrE formation, through concentration. This result is in contrast with comparable concentrations of 12(S)-HETE, in which agonist-mediated aggregation and ATP release were potentiated, suggesting a substrate-specifi c regulation of 12-LOX in platelet reactivity. Under ex vivo conditions, platelets spiked with high levels of DGLA or its 12-LOX metabolites inhibited platelet activation following stimulation with a number of agonists. Similarly, an increase in DGLA concentration resulted in an increase in 12(S)-HETrE production in the platelet, suggesting that 12-LOX can produce 12(S)-HETrE in the platelet (data not shown). Although it may be possible to reach circulating fatty acid concentrations of 40 M following fatty acid supplementation ( 45 ) , it is unlikely that all of the DGLA would be incorporated into the platelet membrane and converted by 12-LOX to 12(S)-HETrE, as several 12-LOX and COX-1 products have been previously identifi ed through catalysis of DGLA ( 51 ) . Further, the readout of these assays may be overestimated due to the fact that endogenous AA is present in the platelet, leading to production of 12(S)-HETE. The endogenous 12(S)-HETE could then compete with the exogenous 12(S)-HETrE, thus counterbalancing both of their effects and dampening the inhibitory effect of 12(S)-HETrE on the platelet. Nonetheless, 12(S)-HPETrE is over 8-fold more potent than 12(S)-HETrE, making its concentration biologically relevant. However, due to the high level of peroxidases present in the platelet, the biological effect of 12(S)-HPETrE on the platelet clot may be limited to localized regions of metabolite production. Taken together, these observations further support a potential role for unique pools of AA and DGLA in the platelet that are independently regulated to mediate either a prothrombotic or antithrombotic environment depending on a number of factors, including 12-LOX localization, fatty acid compartmentalization, and specifi c agonist used ( 21 ) .
The mechanism by which these fatty acids regulate platelet function through catalysis by 12-LOX is not well understood. Although the receptor for 12(S)-HETE has been recently identifi ed ( 55 ), the underlying mechanism by which other metabolites, such as 12(S)-HETrE, regulate the platelet are unknown. Here we have shown that 12(S)-HETrE, as well as its substrate DGLA, inhibit Rap1 substrates. Other PUFAs found in the platelet, such as DHA and GLA, displayed multiple enzymatic products and due to this complexity will be the subject of subsequent investigations. From this work, it was determined that 12-LOX has selective substrate preferences, with two fatty acids not being substrates (LA and EDA) and four producing only one oxygenated fatty acid (AA, DGLA, ALA, and EPA). The fatty acids with 20 carbon atoms and more than two sites of unsaturation had the fastest k cat /K M values. These relative kinetic values can be directly related to fatty acid metabolism in the platelet, where substrate concentration is low. ALA is 10-fold slower than the other four fatty acid substrates, which could be indicative of a distinct binding mode. In an analysis of the placement of these substrates in the active site with the substrate binding methyl-end fi rst as previously determined ( 42 ) , there was no activated methylene close to the iron-hydroxide moiety for LA, ALA, or EDA ( Fig. 1 ) . This is in contrast to what is seen for AA, DGLA, and EPA, where an activated methylene is located in close proximity to the iron. Therefore, to position the C10 of ALA close to the iron to generate the 13-product, the substrate would have to be inserted only partially into the active site. In contrast, 12-LOX does not react with LA, so it appears that the additional -3 unsaturation for ALA affects its positioning in the active site, possibly by allowing the carboxylate or pi-bond active site interaction to supersede the methyl-end active site interaction ( 53 ), leading to partial insertion of ALA into the active site. Another possible explanation could be that ALA binds in the opposite direction with its carboxylate moiety entering the active site fi rst, producing the Risomer of the product, which has been previously seen with soybean LOX-1 ( 54 ) . This hypothesis, however, is unlikely because only the S-isomer of 13(S)-HPOTrE is observed, which supports the partial substrate, active site insertion hypothesis.
In addition to being catalyzed at different rates, the effects of these 12-LOX products on the platelets were markedly different. Following treatment with PAR1-AP, 12(S)-HETrE signifi cantly attenuated platelet aggregation, the release of ATP, and Rap1 activation at 40 M process. Our previous work showing that direct inhibition of 12-LOX activity attenuates calcium mobilization ( 12 ) , a key step in activation of Rap1, further supports a role for 12-LOX products in regulation of platelet function through Rap1. Additionally, as Rap1 is known to be activation. Rap1 is an essential GTPase involved in regulation of platelet function, and inhibiting its activation in the presence of a strong activating agonist, such as PAR1-AP, suggests an important regulatory role for 12-LOX metabolites, such as 12(S)-HETrE, in mediating this It has long been postulated that fatty acid content in the diet can affect human health ( 58 ) . Dietary fatty acid formulation has been shown to inhibit leukotriene biosynthesis ( 59 ) , and DGLA specifi cally can be converted to the anti-infl ammatory prostaglandin PGE 1 by COX ( 60 ), which is implicated in the inhibition of platelet activation ( 57 ) and in diminishing atherosclerosis ( 61, 62 ) and ocular discomfort symptoms ( 63 ) . In this study, we have shown a direct antiplatelet phenotype of the 12-LOX product of DGLA, which supports the role of this and potentially other fatty acids as protective agents against unwanted platelet activation and thrombosis. Considering the recent deorphanization of GPR31 as the 12(S)-HETE receptor ( 55 ) , the data presented here support the possibility that a unique receptor may exist on the surface of the platelet that, like PGE 1 , may act as a protective signal inhibiting excessive platelet activation important for integrin activation, it is not surprising that addition of DGLA results in attenuation of thrombin-induced clot retraction ( 41 ) . Finally, 12-LOX metabolite formation from catalysis of DLGA attenuates platelet aggregation, integrin ␣ IIb ␤ 3 activation, and ␣ granule secretion. Inhibition of these biochemical endpoints in the presence of 12(S)-HPETrE and 12(S)-HETrE supports a potentially protective role for 12-LOX metabolites in preventing unwanted platelet activation resulting in occlusive thrombotic events. As both the peroxidated and nonperoxidated products of DGLA attenuate platelet function and DGLA inhibition of platelet activity is stronger than either of the 12-LOX products, it is likely that multiple 12-LOX-dependent and independent products of DGLA are involved in protection against platelet activation and thrombosis ( 51, 56, 57 ) . thrombosis in circulating blood could be regulated in part by modifi cations in the diet ( 65, 66 ) . Currently, we are testing this hypothesis in animal models in the hope of confi rming both the benefi cial and detrimental roles and thrombosis. Given the similar 12-LOX kinetics against AA and DGLA and the fact that the concentration of DGLA can become elevated in the blood with specifi c diets ( 27, 64 ) , it is possible that the level of coagulation and Supplemental Material can be found at:
